Abstract: DNA transposons can be employed for stable gene transfer in vertebrates. The Sleeping Beauty (SB) DNA transposon has been recently adapted for human application and is being evaluated in clinical trials, however its molecular mechanism is not clear. SB transposition is catalyzed by the transposase enzyme, which is a multi-domain protein containing the catalytic and the DNAbinding domains. The DNA-binding domain of the SB transposase contains two structurally independent subdomains, PAI and RED. Recently, the structures of the catalytic domain and the PAI subdomain have been determined, however no structural information on the RED subdomain and its interactions with DNA has been available. Here, we used NMR spectroscopy to determine the solution structure of the RED subdomain and characterize its interactions with the transposon DNA.
Introduction
DNA transposons have a capability of moving DNA segments from one location in the genome to another. This makes them attractive for the delivery of new genetic information to vertebrate organisms and their cells. 1, 2 A typical DNA transposon gene delivery system has two components: a transposon DNA containing the gene of interest flanked by inverted terminal repeats (IRs), and a transposase enzyme that catalyzes gene transfer. DNA transposition is the complex reaction that occurs in the context of protein-DNA complex undergoing multiple rearrangements. Several DNA transposons are being developed for genetic applications, but the Sleeping Beauty (SB) transposon is the most widely used and is currently undergoing clinical trials for human gene therapy. [3] [4] [5] [6] The structure of the SB transposase has been sought for many years to understand the molecular mechanism of SB transposition and to guide further developments of the SB transposon. Consequently, initial predictions for the structure of the SB Significance Statement: The (SB) transposon is the most widely used DNA transposon in genetic applications and is the only DNA transposon adapted for human gene therapy. Therefore, it is particularly important to have a mechanistic understanding of SB transposase activity. Structural information at the atomic level is vital for such understanding. We report the structure of the last missing piece of SB transposase, the RED subdomain, and provide insight into its folding and DNA-binding properties.
transposase were made based on the analysis of amino acid sequence and biochemical studies. It has been predicted that SB transposase has two, structurally separable, functional domains: the DNAbinding domain that recognizes the transposon DNA, and the catalytic domain that performs the excision and insertion of the DNA segment. [7] [8] [9] Based on the presence of the characteristic motif of three acidic residues in the catalytic domain, two of which are aspartic acids and one is glutamic acid (the DDE motif), SB transposase is related to DD[D/E]-transposases associated with the large super-family of polynucleotidyl transferases, which includes RNaseH, RuvC Holliday resolvase, RAG proteins, and retroviral integrases. Catalytic domains of proteins in this super-family contain a RNase H-like fold. [10] [11] [12] [13] The recent crystallographic structure of the catalytic domain of SB transposase (pdb code 5CR4) indeed revealed the RNase H-like fold consisting of a central five-stranded b-sheet surrounded by five a-helices. 14 The structure of the SB catalytic domain showed close resemblance to the structure of Mos1 transposase, another member of the Tc1/mariner superfamily. 15 The similarity of the two structures was used to model the full-length SB transposase/ DNA complex 14 that allowed rationalizing previously identified mutations yielding hyperactive transposases with a 100-times increased activity 3 and proposing new hyperactive mutations.
14
The DNA-binding domain of the SB transposase has been predicted to form a bipartite, paired-like structure found in a large number of protein families, including the Tc1/mariner family and structurally related PAX family of transcription factors. 8, 9, 16 All paired-like DNA-binding domains have two subdomains (PAI 1 RED 5 PAIRED) containing helixturn-helix DNA-binding motifs separated by a long flexible linker. In most bipartite DNA-binding structures, the N-terminal subdomain, for example, the PAI subdomain, is the primary DNA recognition subdomain. The structure of the PAI subdomain (pdb code 2M8E) has been determined by solution NMR spectroscopy. 17 This structure has confirmed that the PAI subdomain consists of three helices (residues 12-22, 29-33, and 39-55) and contains the helix-turn-helix (HTH) motif formed by second and third alpha-helices. 9 The residues involved in DNA binding were found in the HTH motif (residues 28, 29, 31, 33-36, 38-43, 47) . 17 Although the structures of the PAI subdomain and of the catalytic domain of SB transposase are now available, still one structural piece of SB transposase, the structure of the RED subdomain, has remained missing. Accordingly, here we report the highresolution NMR structure of the RED subdomain of SB transposase (residues 63-120 of the original SB sequence 7 ), and investigate its binding to the transposon DNA. The structure of the RED subdomain reported here completes experimental structural analysis of domains and subdomains of SB transposase.
Results

Folding of the RED subdomain
Previously we have shown that the DNA-binding domain of SB transposase does not form a stable structure at physiologic conditions. 17 However, the reaction of transposition occurs in cell nucleus, in extremely crowded environment. Therefore, we first investigated whether the crowding induces folding of the RED subdomain. Two agents have been used to mimic the effect of crowding, polyethylene glycol (PEG 6000), and Ficoll-70. These crowding agents are expected to increase the compactness of a protein due to excluded volume effects. 18, 19 Figure   1 (A,B) shows the far UV circular dichroism (CD) spectra of the RED subdomain in the presence of increasing concentrations of PEG 6000 (panel A) or Ficoll-70 (panel B). CD spectra demonstrate that the RED subdomain alone does not have significant secondary structure. Furthermore, the presence of PEG 6000 or Ficoll-70 does not noticeably increase the secondary structure in the RED subdomain at the concentrations used in this study. Figure 1 Figure 2 shows the results of titration experiments with these salts. Far UV CD spectra of the RED subdomain show that the characteristic features of alpha-helical secondary structure emerge upon the addition of all salts, i.e., two negative bands at 208 nm and 222 nm and a positive band at 193 nm. Spectral changes are consistent with the observation that positively charged proteins follow the direct Hofmeister series at high salt concentrations (above 200-300 mM monovalent salt), 21 that is, the addition of NaClO 4 has the least effect on the structure of the RED subdomain. The addition of Na 2 SO 4 leads to the largest amount of alpha-helical secondary structure as judged by the magnitude of the ellipticity at 222 nm (Fig. 2) . Furthermore, in contrast to Na 2 SO 4 , some reduction in intensity of CD spectrum is observed after the addition of KCl, NaCl, and NaClO 4 , which can be taken as the indirect evidence of selfassociation of the RED subdomain. Therefore, Na 2 SO 4 was selected for NMR experiments.
NMR solution structure of the RED subdomain 2D [ 1 H, 15 N]-HSQC spectrum with NMR signal assignments is reported in Figure 3 . Resonance assignments were carried out as described in the Materials and Methods section. Residue numbers shown in Figure 3 correspond to positions in the original, full-length SB transposase sequence. 7 The amino acid sequence of the RED subdomain is shown in Figure 3 for reference. The Secondary structure elements of the RED subdomain were identified using the TALOS 22 and CSI 23 software. Both methods predict three a-helices (residues 67-77, 84-93, and 100-109 according to TALOS and 67-74, 84-93, 100-109 according to CSI) for the RED subdomain ( The ensemble of superimposed 10 minimum energy structures that were selected for the final analysis is shown in Figure 3 (B). These structures have RMSDs of the coordinates of Ca backbone atoms for well-ordered residues (i.e., residues comprised in three secondary structure elements) of 0.8 6 0.2 Å . Coordinates for the 10 lowest energy structures were deposited in the Protein Data Bank under the pdb accession code 5UNK. BMRB ID for this entry is 30239. Figure 3 (B) also shows a representative, lowest energy structure of the RED subdomain in cartoon representation on the right. Experimental structure of the RED subdomain shows the presence of three a-helices. The helices span residues R67-I78 (helix H1), A84-T94 (helix H2), and I100-L112 (helix H3), where helices H1 and H2 are arranged almost parallel to each other, and helix H3 folds on top of them. The helices are slightly longer than predicted by TALOS and CSI. The total helix content of the RED subdomain is $48%. Helices H1 and H2 are connected by a four residue turn (residues N79-T83), with proline P80 constituting the second residue. Helix H2 of the predicted helix-turn-helix motif ends with a glycine residue and is linked to helix H3 by a six-residue long loop. This loop does not form a tight canonical betaturn, but forms a turn-like extended conformation. The calculated structure reveals the presence of a C3 0 !C3/C 0 G helix H2 capping motif that is formed by residues L91-EETGTK-V98 representing a hxxxGpxh pattern (h 5 hydrophobic, x 5 indifferent, G 5 glycine, and p 5 polar residues). 24 Cb chemical shifts can predict helix capping and beta-turn structural motifs in proteins with high accuracy. 25 In the case of the RED subdomain, Cb chemical shifts of the stretch of residues between L91 and V98 follow the expected pattern for alpha-helix capping motif. Residues K97-I100 are in extended conformation, leading up to helix H3. The structure of the RED subdomain resembles structures of the corresponding subdomain from closely related Tc1/mariner transposases Mos1 and Tc3, 15, 26 however, it features longer helices H2 and H3 and loops connecting the helices (Fig. 4) . The H2 helix in the RED subdomain spans 11 residues, whereas in Tc3 and Mos1 transposases it spans 9 and 5 residues, respectively. The H3 helix in the RED subdomain spans 14 residues versus 12 residues in Tc3 and 11 residues in Mos1 transposase. The loop connecting helices H1 and H2 in the RED subdomain is 5 residues long, whereas in Tc3 and Mos1 transposases it is only 3 and 2 residues, respectively. The loop connecting helices H2 and H3 is 6 residues long in the RED subdomain and only 4 residues long in Tc3 and Mos1 transposases. Sequence alignment according to the correspondence of the three structures done with PROMALS3D multiple sequence and structure alignment server 27 reflects these differences (Fig. 4) .
The RED subdomain binding to the transposon DNA Previously, we have determined that the RED subdomain, when it is part of the full-length DNA-binding domain, binds to the outer binding site on the (pdb code 1U78 26 ) and Mos1 (pdb code 3HOS 15 ) transposases. Protein structures were superimposed and then merely shifted along x (horizontal) axis. Structural alignment was done by using PROMALS3D multiple sequence and structure alignment server. 27 The RMSD over backbone Ca atoms between the RED subdomain and the corresponding Tc3 or Mos1 subdomain structures is 3.5 Å and 3.7 Å , respectively. The three alpha helices are labeled as H1, H2, and H3. The helix-turn helix motif in Tc3 and Mos1 subdomains is formed by helices H2 and H3. The amino acid sequence alignment according to the correspondence of the three structures shows low amino acid sequence similarity between the RED subdomain and the corresponding subdomains of Tc3 and Mos1 transposases, and the only three residues in conserved positions are underlined. Residues that form alpha helices are shown in red. The position of helices in the RED subdomain is also indicated by red rectangles above the amino acid sequence. N]-HSQC spectrum. The full spectrum is given in Figure S2 . Chemical shift changes and signal intensity losses were observed for amides throughout the protein. The residues affected by the presence of Lo are color coded blue on the structure of the RED subdomain [ Fig.  5(B) ]. However, the effect was most pronounced for residues clustering around helices H3 and the loop connecting helices H3 and H2, in line with predictions that the helix H3 is the main site for the interaction with DNA in a variation of the helix-turnhelix motif. 29, 30 This result is consistent with the expected location of the binding site of the RED subdomain based on the comparison with the known Xray structures of Tc3 and Mos1 transposases resolved in the DNA-bound form 15, 26 and to the recently proposed structural model of SB transposase-DNA complex. 14 It is also consistent with the location of the DNA-binding site on the Cterminal domain of other bipartite DNA-binding PAIRED domains, to which the DNA-binding domain of SB transposase shows similarity. [31] [32] [33] [34] Furthermore, the helix H3 is amphipathic with the sidechains of polar and positively charged residues (S101, T102, K104, R105, Y108, and R109) protruding from the surface, capable of making contacts with DNA. Some residues away from the helix H3, for example, located on the helix H1, also showed changes upon the addition of DNA. To get further insight into the RED subdomain DNA-binding properties, we analyzed the electrostatic surface of the RED subdomain. Figure 5 (C) shows electrostatic potential mapped on the surface of the RED subdomain in two orientations, one is being similar to the orientation in Figure 5 (B) and another is rotated 1808 about the vertical axis. The RED subdomain is a highly positively charged molecule containing 9 arginine and 7 lysine residues. Five of these residues are located on helix H3, four on helix H1, and two lysines are located on helix H2 with side-chains oriented outward in the direction of helix H3. The electrostatic surface shows a large positively charged region formed by residues on helices H3 and H2 and on the C-terminus consistent with this region forming a DNA-binding site. However, there is another positively charged region formed by helix H1 on the opposite side of the molecule. Given that the interaction between the RED subdomain and DNA is weak, this patch of positive charge could also participate in transient interactions between the RED subdomain, at least in isolation, and Lo DNA. This would be consistent with non-specific DNA-binding activity of the RED subdomain noted previously. 9 Accordingly, a number of reasons for the change in chemical shift and intensity for residues away from helix H3 are plausible. First, as the chemical shift is highly sensitive to any type of structural variation, it is likely that these residues are indirectly affected by possible conformational changes in the protein upon binding to DNA. Indeed, side-chains of some of these residues are oriented toward the interior of the protein (e.g., D68, E69, and V76). Second, transient interactions with DNA via the second positively charged patch formed by helix H1 can also make a contribution leading to signal changes (e.g., R70, R74, and K75).
Discussion
SB transposase consists of three structurally independent units (the catalytic domain and two subdomains of the DNA-binding domains) that seem to have different physico-chemical properties, hence, different experimental conditions that are required for optimal solubility. Both the PAI and RED subdomains dissolve to high protein concentrations at acidic pH, whereas the catalytic domain is better soluble at basic pH (data not shown). Given different solubility properties of subdomains and domains, it is not surprising that structural studies of SB transposase took many years and multiple efforts, and the structure of the full-length protein is still lacking. However, recently determined structures of the PAI subdomain and the catalytic domain, 14, 17 as well as the structure of the RED subdomain reported in this work, provide long desired structural information on the SB transposase. The NMR structure of the RED subdomain shows that it forms a threehelical bundle, confirming earlier predictions that were made based on amino acid sequence analysis. 7, 9 Helices H1 and H2 in the RED subdomain pack against each other in an antiparallel arrangement and helix H3 folds on top of them [ Fig. 3(B) ]. Overall, the structure of the RED subdomain is similar to structures of the corresponding subdomain of Tc3 and Mos1 transposases and of the PAIRED box family of transcription factors, [34] [35] [36] [37] to which the DNA-binding domain of SB transposase has similarity. 9 The RMSD over backbone Ca atoms between the RED subdomain and the corresponding Tc3 or Mos1 subdomain structures is 3.5 Å and 3.7 Å , respectively. However, the RED subdomain structure does not show a canonical beta-turn connecting helices H2 and H3 that are predicted to form a helix-turn-helix motif. This likely results from a longer amino acid sequence between helices H2 and H3 than observed in related transposases Tc3 and Mos1 (Fig. 4) . Many structures determined to date have shown that variations of the classical helix-turn-helix DNA-binding domains are common, and the turn between the two helices can be longer and can adopt a different conformation. The number of inserted residues in this region is quite variable, ranging from one in the cmyb protooncogene domain, 38 three in the POU specific domain of Oct-1, 39,40 and 21 in the hepatocyte transcription factor LFB1/HNF1. 41, 42 In this regard, the RED subdomain of SB transposase is not an exception. The structures of the PAI and RED subdomains are packed analogously (pdb code 2M8E), 17 however have significant differences (Fig. 6) . A striking difference between the two subdomains is in the length of loops connecting helices H2 and H3 and orientation of helices H2 and H3. In addition, the third helix, that is, the DNA recognition helix, is about one turn longer in the PAI subdomain. Although the structure determination of proteins in complex with DNA is biologically relevant, protein-DNA complexes often produce NMR spectra of insufficient quality for such work. Residues at the binding interfaces frequently experience intermediate exchange leading to signal broadening making NMR spectra unsuitable for signal assignments. In addition, conformational exchange between folded and unfolded states of a protein may contribute to signal broadening. Different buffer conditions tested with the RED subdomain failed to improve spectral quality, and therefore we carried out the DNA-binding experiments in the presence of 650 mM Na 2 SO 4 , at which the RED subdomain was forced to adopt a stable conformation. Recently, Wang et al. have shown that the RED subdomain is involved in protein-protein interactions and forms dimers upon DNA binding. 43 The association/dissociation of the RED subdomain dimers can be another factor contributing to signal broadening upon the addition of DNA, although this effect is likely to be reduced in the presence of high salt concentration. The residues in the RED subdomain affected by the DNA binding identified in these experiments showed that helix H3 is the primary DNA-recognition helix. This observation is consistent with the DNA-binding site in X-ray crystal structures of protein-DNA complexes of the closest Tc1/mariner family members, Tc3 and Mos1 transposases. 15, 26 Moreover, despite low amino acid sequence similarity with the corresponding subdomains from Tc3 and Mos1 transposases (30% and 22%, respectively) and only a few conserved amino acid residue positions (underlined in Fig. 4 ), we note that in the X-ray structure of the Tc3 DNA-binding domain, S92 (located at the conserved position) forms a contact with the phosphate backbone. Furthermore, our result on the DNAbonding of the RED subdomain agrees well with the general notion that the helix H3 is the DNArecognition sequence in both subdomains of the PAIRED box family of transcription factors, 34, 37 to which the DNA-binding domain of SB transposase has similarity. 9 However, being a highly positively charged molecule, the RED subdomain is expected to be attracted to DNA. Small magnitude and the character of observed spectral changes is consistent with earlier observations that the RED subdomain binds to DNA non-specifically 9 and weakly. 17 Furthermore, the analysis of electrostatic potential reveals a second large region of positive charge on the surface of the RED subdomain. This region is formed by helix H1, hence, has the potential to bind the DNA molecule. Apparently, the geometry and the overall orientation of helices H3 and H1 is the decisive factor in the preferential role of the helix H3 in the recognition of the transposon DNA. The analysis of electrostatic potential also reveals the region of neutral to negative potential around helix H2. This part of the protein does not participate in DNA-binding according to our NMR data, and, therefore, could form the potential site of protein-protein interactions, 43 which would be also in agreement with the second dimeric interface seen in the X-ray structure of the Tc3 transposase DNA-binding domain. 26 In conclusion, in this study we present the structure of the last missing piece of the SB transposase -the RED subdomain. In the absence of the full-length SB transposase structure, the structure of the RED subdomain reported here can help to refine the model of the transposase-DNA complex.
Materials and Methods
Protein expression, purification and sample preparation
The RED subdomain was expressed and purified according to the protocol that we have previously reported for the PAI subdomain. 17 Unlike the PAI subdomain, the RED subdomain did not form a stable three-dimensional structure in the presence of NaCl. To identify optimal experimental conditions, we assessed the effect of crowding agents (PEG 600, Ficoll-70) and different salts (NaCl, KCl, Na 2 SO 4 , NaClO 4 ) on the RED subdomain structure by carrying out the titration experiments where we increased the concentration of crowders incrementally to 0.1, 0.5, 1, 5, and 10% (w/ v) and salts to 100, 200, 300, 400, 500, 600, 700, and 800 mM. To assess the effect of pH, the solution pH was increased from 4.5 to 8.5 in 0.5 increments by adding microliter quantities of NaOH. Based on these experiments, the optimal buffer conditions for solution NMR structural work were identified to be 20 mM aqueous (95% H 2 O/5% D 2 O or 100% D 2 O) MES (2-(N-morpholino)ethanesulfonic acid) buffer at pH 5.0 in the presence of 650 mM Na 2 SO 4 .
Circular dichroism (CD) spectroscopy
CD measurements were performed on a Jasco-715 spectropolarimeter, equipped with a Peltier temperature control system, using quartz glass cell with a path length, l, of 1 mm. Far UV CD spectra were recorded in the range of 190-250 nm at 228C. Spectra were recorded using a 50 nm/min scan rate with a 2 s response and a 1 nm bandwidth. Reported spectra are averages of 3-5 scans and are expressed as mean-residue molar ellipticity, [h], calculated by using the relation:
in which M 0 is the mean residue molar mass, h k is the measured ellipticity in degrees, and C is the protein concentration.
NMR spectroscopy and structure calculations. HSQC spectra recorded in 100% D 2 O. All NMR spectra were processed using the NMRPipe software. 46 Linear prediction was applied for both 15 N and 13 C dimensions to double the data size and improve the digital resolution. Cosine square window function and automatic zero filling were applied to 1 H, 15 N and 13 C dimensions. NMR spectra were analyzed with programs CARA 47 and NMRView. 48 To determine the three-dimensional structure of the RED subdomain we utilized internuclear distances from NOESY spectra, dihedral angle restraints generated from the chemical shifts using the program TALOS, 22 and hydrogen bond distance restraints. Structures were calculated using the program XPLOR-NIH. 49 The 10 minimum energy structures were selected from a set of 100 calculated structures as a representative ensemble based on the absence of NOE violations greater than 0.5 Å and dihedral angle violations greater than 58. The stereochemical quality of the representative ensemble of the RED subdomain structures was assessed using the PROCHECK program. 50 Experimental restraints and structural statistics are summarized in Table I . Molecules were visualized and aligned using the program PYMOL. 51 The coordinates and related information can be accessed at www.rcsb.org (pdb code 5UNK). Chemical shift information can be accessed at www.bmrb.wisc.edu (BMRB code 30239). 
